Aims/hypothesis The hypoglycaemic actions of metformin have been proposed to be mediated by hepatic AMP-activated protein kinase (AMPK). As the effects of metformin and the role of AMPK in adipose tissue remain poorly characterised, we examined the effect of metformin on AMPK activity in adipose tissue of individuals with type 2 diabetes in a randomised glycaemia-controlled crossover study. Methods Twenty men with type 2 diabetes (aged 50-70 years) treated with diet, metformin or sulfonylurea alone were recruited from North Glasgow University National Health Service Trusts' diabetes clinics and randomised to either metformin or gliclazide for 10 weeks. Randomisation codes, generated by computer, were put into sealed envelopes and stored by the hospital pharmacist. Medication bottles were numbered, and allocation was done in sequence. The participants and investigators were blinded to group assignment. At the end of each phase of therapy adipose biopsy, AMPK activity (primary endpoint) and levels of lipid metabolism and signalling proteins were assessed. In parallel, the effect of metformin on AMPK and insulinsignalling pathways was investigated in 3T3-L1 adipocytes. Results Ten participants were initially randomised to metformin and subsequently crossed over to gliclazide, while ten participants were initially randomised to gliclazide and subsequently crossed over to metformin. No participants discontinued the intervention and the adipose tissue AMPK activity was analysed in all 20 participants. There were no adverse events or side effects in the study group. Adipose AMPK activity was increased following metformin compared with gliclazide therapy (0. ; p< 0.005), independent of AMPK level, glycaemia or plasma adiponectin concentrations. The increase was associated with reduced levels of acetyl-CoA carboxylase (ACC) protein and increased ACC Ser80 phosphorylation. In 3T3-L1 adipocytes, metformin reduced levels of ACC protein and stimulated phosphorylation of AMPK Thr172 and hormone-sensitive lipase Ser565. Conclusions These results provide the first evidence that metformin activates AMPK and reduces ACC protein levels in human adipose tissue in vivo. Future studies are required to assess the role of adipose AMPK activation in the pharmacological effects of metformin.
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Introduction
Despite the use of metformin as a hypoglycaemic therapy for type 2 diabetes in the UK for more than 50 years, only recently has a potential molecular mechanism of action been proposed, involving AMP-activated protein kinase (AMPK) [1, 2] . The principal hypoglycaemic action of metformin is thought to be the suppression of hepatic gluconeogenesis, yet the precise site(s) and mechanisms of metformin action remain uncertain. Indeed, it has been reported that the effects of metformin go beyond improving HbA 1c and may include reductions in cardiovascular endpoints in type 2 diabetes [3] .
AMPK is a serine/threonine protein kinase with a central role in the regulation of energy balance at both the cellular and whole body levels (reviewed in Hardie, and in Zhang et al.) [4, 5] . Stimulation of AMPK in rodents inhibits hepatic glucose production and stimulates insulin-independent glucose uptake in muscle, thereby mimicking insulin [4, 5] . In addition, AMPK activation serves to: (1) inhibit hepatic fatty acid and cholesterol synthesis; (2) stimulate fatty acid oxidation in the liver and muscle; and (3) stimulate mitochondrial biogenesis in muscle [4, 5] . AMPK is activated in vivo by exercise in muscle and also mediates, at least in part, the insulin-sensitising actions of the adipocytokine, adiponectin [5] . Stimulation of AMPK in patients with type 2 diabetes may, therefore, reduce the associated and detrimental increased lipid biosynthesis and mitochondrial dysfunction [5] .
The role of AMPK stimulation in liver and muscle is well characterised, yet the role of AMPK in the other principal insulin-sensitive tissue, adipose, remains poorly defined. AMPK phosphorylates and inhibits acetyl-CoA carboxylase (ACC), reducing fatty acid synthesis in adipocytes [6] . Furthermore, AMPK phosphorylation of rodent hormone-sensitive lipase (HSL) at Ser565 (Ser554 in the human sequence) prevents activation at Ser563 by lipolytic stimuli, such that AMPK activation has been proposed to mimic the anti-lipolytic action of insulin [6] [7] [8] . The precise function of AMPK in lipolysis is, however, unclear [9, 10] , as adrenergic stimulation has been reported to activate AMPK in adipose tissue after exercise [10] and isoprenaline-stimulated AMPK activity has been proposed to be downstream of the stimulation of lipolysis itself [11] . Adipocytes have been reported to be smaller in mice lacking the AMPKα1 catalytic subunit isoform, supporting an anti-lipolytic action of AMPK [9] , yet mice lacking the AMPKα2 isoform have been reported to be obese through enlargement of pre-existing adipocytes [12] . Prolonged AMPK activation has been reported to inhibit differentiation of pre-adipocytes into mature adipocytes with an associated reduced protein production of several enzymes concerned with lipid metabolism, namely ACC, fatty acid synthase (FAS) and peroxisome proliferator-activated receptor (PPAR)γ [13] . In addition, we and others have reported that AMPK activation is associated with reduced insulinstimulated glucose transport in adipocytes [14] [15] [16] , although a conflicting study has reported no effect of AMPK stimulation when assessing translocation of the insulinsensitive glucose transporter, GLUT4 [17] . Several physiological and pharmacological stimuli have been reported to stimulate rodent adipose tissue AMPK, including exercise, starvation, troglitazone and adrenaline (epinephrine) [10, [18] [19] [20] , whereas AMPK is inhibited in response to ghrelin, corticosterone and a high-fat diet [21] [22] [23] in vivo. However, only one study has investigated AMPK activity in human adipose in vivo; in this study, insulin-resistant patients with Cushing's syndrome exhibited reduced AMPK activity compared with controls [24] .
Several studies in cultured cells and animals have reported that AMPK activation mediates the suppression of gluconeogenesis by metformin [1, 2] , yet recent contrasting evidence has indicated an AMPK-independent mechanism of action [25, 26] . There is a dearth of published studies concerning the effect of metformin on AMPK in human tissues in vivo. One study has reported that metformin increased AMPK activity in muscle of individuals with type 2 diabetes [27] , potentially leading to improvements in both insulin sensitivity and glycaemia, yet the effect of metformin on AMPK activity in human adipose tissue in vivo has not been investigated. In the current study, the effect of metformin on human adipose tissue AMPK was examined in individuals with type 2 diabetes using a randomised double-blind glycaemiacontrolled crossover design. In addition, the effect of metformin on AMPK activity in cultured 3T3-L1 adipocytes was assessed. Rabbit anti-HSL, anti-phospho-HSL-Ser565 (human sequence Ser554), anti-extracellular signal-regulated kinase (ERK)1/2; anti-phospho-ERK1/2, anti-IRS1 and anti-IRS2 antibodies were from New England Biolabs (UK) (Hitchin, UK). Mouse anti-PPARγ antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti-GLUT4 antibodies were from Synaptic Systems (Goettingen, Germany). All other reagents were from sources described previously [14, 28] .
Methods

Materials
Clinical study Twenty men aged 50-70 years with type 2 diabetes (duration >6 months) were recruited from diabetes clinics of the North Glasgow University National Health Service Trusts. The North Glasgow University Hospitals National Health Service Trust Ethics Committee approved the study, and all individuals gave written informed consent.
Inclusion criteria included HbA 1c >7% and <11% (DCCT aligned) at screening, BMI range 27-40 kg/m 2 and treatment with diet alone or oral monotherapy (metformin or sulfonylurea). Exclusion criteria included warfarin treatment, patients treated with insulin currently or in the previous 12 months, previous intolerance of metformin or sulfonylurea, presence of a contraindication to metformin therapy, poorly controlled hypertension (systolic BP > 170 mmHg, diastolic BP >100 mmHg) and a cardiovascular event (i.e. ECG/troponin proven myocardial infarction or cerebrovascular accident) in the previous 6 months. The study had a randomised glycaemia-controlled crossover design whereby individuals discontinued medication during a 6-week run-in period and were subsequently randomised to metformin (500 mg three times daily) or gliclazide (80 mg twice daily with a lunchtime matching placebo capsule to ensure blinding) for 10 weeks. Following a 6-week washout phase, the groups were crossed over. Study participants and investigators were blinded to group assignment. Randomisation and tablet supply were coordinated by the hospital pharmacy, which provided metformin and gliclazide as capsules of identical appearance.
Individuals attended for a brief assessment at 5 weeks during each phase to identify any side effects and assess glycaemia control. Individuals subsequently attended at the end of each 10-week study phase (in the fasting condition having abstained from alcohol, caffeine and moderate/ heavy exercise in the preceding 24 h) for clinical measurements, blood sampling for biochemical analysis and an adipose tissue biopsy (Fig. 1 ).
Clinical measures Body weight was measured using analogue scales to within 500 g in light clothing; height was measured barefoot using a stadiometer to within 0.5 cm. BP recordings were taken by a semi-automatic sphygmomanometer (Dinamap, GE Healthcare, Bracknell, UK) in the recumbant position for 30 min. The mean of three measurements was calculated. Measurements of plasma glucose, insulin, HbA 1c and lipid concentrations were performed in the routine clinical laboratory using an automated analyser (Abbott Diagnostics, Maidenhead, UK). Total adiponectin was determined by ELISA (R&D Systems, Abingdon, UK) as described previously by Nelson et al. [29] .
Adipose tissue biopsy and lysate preparation A 2 g portion of adipose tissue was cut from the margin of a gluteal biopsy, snap frozen in liquid nitrogen and stored at −80°C. When all samples had been collected the samples were thawed for batch analysis. Adipose lysates were prepared by homogenisation (20 passes) in 1 volume of immunoprecipitation buffer (50 mmol/l Tris-HCl, pH 7.4 at 4°C; 150 mmol/l NaCl; 50 mmol/l NaF; 5 mmol/l Na 4 P 2 O 7 ; 1 mmol/l sodium vanadate; 1 mmol/l EDTA; 1 mmol/l EGTA; 1% [vol./vol.] glycerol; 1% [vol./vol.] Triton X-100; 1 mmol/l dithiothreitol; 0.1 mmol/l benzamidine; 0.1 mmol/l phenylmethylsulfonyl fluoride; 5 mg/l soyabean trypsin inhibitor) in a Dounce homogeniser. Lysates were centrifuged (22,000 g, 4°C, 5 min) and the resulting infranatant fraction was aspirated and stored at −80°C prior to use.
3T3-L1 cell culture and lysate preparation 3T3-L1 fibroblasts were cultured and differentiated, and lysates were prepared from adipocytes (8-12 days post-differentiation) as described previously by Salt et al. [14] .
SDS-PAGE and western blotting Adipose lysates or 3T3-L1 adipocyte lysates were resolved by SDS-PAGE, transferred to nitrocellulose and subjected to immunoblotting as described previously by Salt et al. [14] . Band intensity was determined by densitometry. ACC, AMPK, HSL, Akt and ERK1/2 phosphorylation are expressed as the ratio of phosphorylated to total protein density.
2-Deoxyglucose transport assays
Basal and insulinstimulated glucose uptake in 3T3-L1 fibroblasts or adipo-cytes was measured by the uptake of 2-deoxy-D- [ 3 H] glucose as described previously by Salt et al. [14] . Nonspecific cell-associated radioactivity was determined in parallel incubations performed in the presence of 10 μmol/l cytochalasin B.
AMPK assays AMPK was immunoprecipitated from human adipose lysates (100 μg) and assayed using the SAMS substrate peptide as described previously by Boyle et al. [28] . Experiments were performed in four batches of ten lysates with AMPK activity determined relative to an internal standard (purified rat liver AMPK of known activity) and results are expressed as nmol 32 t tests unless stated otherwise. p<0.05 was taken as signifying conventional levels of statistical significance.
Results
At the time of recruitment, 12 individuals were taking metformin monotherapy, six were diet controlled and two were using gliclazide monotherapy. No individuals dropped out of the study and there were no reports of changes to drug therapy during the study period. The clinical characteristics of the 20 individuals at the time of recruitment and before the first 6-week run-in period when medication was discontinued are summarised in Table 1 .
The effect of each 10-week treatment phase on the clinical characteristics is shown in Table 2 . There was no significant difference in BMI, blood pressure, plasma insulin, total cholesterol, HDL-cholesterol or triacylglycerol between the two stages of treatment (Table 2) . Gliclazide therapy was more effective at lowering HbA 1c than metformin, and was associated with significantly lower fasting blood glucose and LDL-cholesterol levels ( Table 2) . Plasma adiponectin concentrations were not different between phases of therapy ( Table 2 ). There was a significant approximate twofold increase in AMPK activity in adipose tissue biopsies from individuals after metformin therapy compared with gliclazide therapy (Fig. 2 ) that was associated with a significant increase in the phosphorylation of AMPKα at Thr172 and the AMPK substrate, ACC at Ser80 (mouse sequence Ser79) (Fig. 3) . Although there was a tendency towards increased phosphorylation of HSL at the AMPK site, Ser554 in adipose tissue from individuals treated with metformin, this did not reach significance (p= 0.09).
Total levels of AMPKα or HSL protein (normalised to GAPDH) were unaltered between treatment phases yet ACC protein levels were significantly reduced in adipose tissue lysates from individuals treated with metformin (Fig. 3) . The level of GAPDH protein was unaltered between treatment phases (metformin 0.947±0.075; gliclazide 0.947±0.073; arbitrary units mean±SEM, n=19). We also determined the levels of FAS, GLUT4 and PPARγ protein, downregulation of which, like ACC, has been reported to be associated with prolonged AMPK activation in adipocytes [13, 30] . The levels of FAS, GLUT4 and PPARγ protein were unaltered between treatment phases (Fig. 3) .
We next investigated whether the observed alteration in AMPK activity was associated with any changes in insulin and mitogenic signalling pathways. Although there was a tendency towards increased phosphorylation of v-akt murine thymoma viral oncogene homologue (Akt, also known as PKB) at Ser473 in adipose tissue from individuals treated with metformin, this did not reach significance (p=0.12). Furthermore, neither ERK1/2 phosphorylation nor the GAPDH-normalised level of IRS1, IRS2, Akt or ERK1/2 protein was different between phases of therapy (Fig. 3) .
As adipose tissue contains stromal/vascular cells in addition to adipocytes, we next used the 3T3-L1 adipocyte cell line to determine the effects of metformin on adipocyte AMPK. Stimulation of 3T3-L1 adipocytes for 48 h with metformin caused a significant increase in Thr172 phosphorylation, as did stimulation for 24 h with the AMPK activator, 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) (Fig. 4) , whereas gliclazide had no effect (data not shown). To determine the effects of metformin on AMPK substrates, we examined ACC and HSL phosphorylation at their AMPK-specific sites. Metformin had no significant effect on ACC Ser79 phosphorylation, yet stimulated HSL phosphorylation after incubation for 24-48 h (Fig. 4) . In contrast, AICAR markedly and rapidly stimulated ACC and HSL phosphorylation (Fig. 4) . Incubation of 3T3-L1 adipocytes with metformin (48 h) or AICAR (24 h) led to a significant reduction in total ACC level, yet incubation with either metformin or AICAR had no significant effect on the levels of FAS, GLUT4 or PPARγ (Fig. 4) . In addition, neither metformin nor AICAR incubation had any significant effect on the total amount of AMPKα or HSL (data not shown).
Stimulation of 3T3-L1 adipocytes with metformin (24/48 h) or AICAR significantly reduced the fold stimulation in glucose transport elicited by insulin, whereas stimulation with metformin for 30 min had no effect (Fig. 5a ). The reduction in the extent of insulin stimulation elicited by metformin (24 and 48 h) was likely attributable to a tendency towards increased basal glucose transport that did not reach significance (p= 0.09 and p=0.10, respectively), as insulin-stimulated glucose transport was quantitatively unaltered (Fig. 5b) . Incubation of Characteristics were determined prior to the first 6-week run-in period when medication was discontinued 3T3-L1 adipocytes with metformin (up to 48 h) had no effect on cell viability, as assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (data not shown). In 3T3-L1 adipocytes stimulated with metformin for 0.5 h, there was a modest yet significant quantitative increase in insulin-stimulated glucose transport, and AICAR elicited a marked significant quantitative decrease in insulinstimulated glucose transport (Fig. 5b) .
To assess whether metformin altered glucose transport in fibroblasts, we examined 2-deoxyglucose uptake in undifferentiated 3T3-L1 fibroblasts after incubation with either insulin (15 min, 1 μmol/l) and/or metformin (0.5-48 h, 1 mmol/l). Neither metformin nor insulin had any effect on 2-deoxyglucose transport in 3T3-L1 fibroblasts (data not shown). We next examined the effect of metformin on basal and insulin-stimulated phosphorylation of Akt. Prolonged stimulation with metformin had no significant effect on the level of Akt protein or either the basal or insulin-stimulated phosphorylation of Akt at Ser473 (Fig. 5c,d ).
Discussion
The key finding of this study is that, when compared with gliclazide, metformin activates AMPK in human adipose tissue in vivo. To our knowledge, this represents only the second study to demonstrate activation of AMPK by metformin in human tissues in vivo and the first to demonstrate this relationship in adipose tissue. The increase in adipose AMPK activity was associated with an increase in AMPK Thr172 phosphorylation, whereas the total level of AMPK protein was unaltered, indicating an increase in the specific activity of AMPK. Adiponectin has been demonstrated to stimulate AMPK in multiple tissues, including isolated rat adipocytes [31] , yet the increased AMPK activity in individuals treated with metformin was not associated with any significant change in plasma adiponectin concentrations, in agreement with a previous study [32] , indicating that the stimulation of AMPK is independent of adiponectin.
As several forms of adiponectin exist, however, we cannot discount the possibility that the increase in AMPK activity is the result of metformin altering the plasma concentrations of a particular form rather than the total adiponectin measured in the current study. Gliclazide had no effect on AMPK activity in 3T3-L1 adipocytes and has been reported to increase plasma adiponectin concentrations in individuals with type 2 diabetes [33] , whereas we have shown that metformin is capable of directly stimulating 3T3-L1 adipocyte AMPK activity. This latter observation is in agreement with previous reports in 3T3-L1 adipocytes [34] and isolated human subcutaneous adipocytes stimulated with metformin in vitro [35] . These data argue against the possibility that gliclazide Fig. 2 The effect of metformin monotherapy on adipose tissue AMPK activity. Lysates were prepared from adipose biopsies at the end of each study phase. Total AMPK (using anti-AMPKα1 and anti-AMPKα2 antibodies) was immunoprecipitated from lysates and assayed for AMPK activity in batches relative to an internal control (purified rat liver AMPK) of known activity. attenuated AMPK activity in the individuals of this study, rather than metformin activating AMPK, and further dissociate the observed increase in adipose AMPK activity from circulating adiponectin concentrations. Glycaemic control at the time of recruitment and at the end of each treatment phase was suboptimal. We believe that this reflects the fact that many patients with type 2 diabetes require more than one drug to reach their individualised glycaemic targets. The study design aimed to match glycaemic control at the end of each phase to exclude this as a confounding factor. This proved not to be possible, presumably because of imperfect matching of the chosen randomisation doses of metformin and gliclazide. Metformin increased AMPK activity when compared with gliclazide despite improved glycaemia changes with the latter, further supporting a glucose-independent mechanism for the effect of metformin. Associated with the reduced HbA 1c after gliclazide therapy was a small improvement in plasma LDL-cholesterol.
In humans, few studies have addressed the molecular consequences of metformin therapy in human adipose tissue in vivo. The increased AMPK activity observed in individuals undertaking metformin treatment was associated with increased ACC phosphorylation. Phosphorylation at this site inhibits malonyl CoA synthesis, such that fatty acid synthesis is likely to be attenuated. Intriguingly this finding was not recapitulated in 3T3-L1 adipocytes stimulated for up to 48 h with metformin, yet this may reflect the very different concentrations of, and lengths of exposure to, metformin in either case (approximately 10 μmol/l [36] for 10 weeks in vivo; 1 mmol/l for 48 h in vitro). Prolonged AMPK activation has been reported to inhibit differentiation of fibroblasts into adipocytes with an associated reduced level of ACC, FAS and PPARγ protein [13] . In both adipose tissue from metformin-treated individuals and 3T3-L1 adipocytes stimulated with metformin for 48 h there was a marked reduction in total ACC, yet levels of FAS and PPARγ were unaffected. The lack of effect of metformin on the level of FAS protein is in agreement with a previous study of FAS mRNA expression in adipose tissue of individuals with impaired glucose tolerance [37] , and may reflect an inability of AMPK activation to reduce FAS or PPARγ in mature adipocytes when compared with cells differentiating into adipocytes in culture.
Metformin has been reported to reduce subcutaneous adipocyte size in individuals with type 2 diabetes [38] and Fig. 3 The effect of metformin monotherapy on adipose tissue protein levels. Lysates were prepared from adipose biopsies of individuals treated with gliclazide (white bars) or metformin (black bars) at the end of each study phase. Adipose biopsy lysates (50 μg) were resolved by SDS-PAGE and subjected to immunoblotting with the antibodies indicated. a Representative immunoblots from individuals after gliclazide (G) or metformin (M) therapy, with the positions of markers of known molecular mass shown (kDa). b Densitometric analysis of phosphorylation of AMPK, HSL, ACC, ERK1/2 and Akt was quantified relative to total production in each lysate (mean±SEM, n=12). c Band intensity was quantified relative to GAPDH in each lysate. The amounts of the following are shown (mean±SEM): AMPKα, IRS1, Akt (n=19); FAS (n=13); and ACC, HSL, ERK1/2, GLUT4, PPARγ, IRS2 (n=12) *p<0.05 relative to gliclazide; **p<0.01 relative to gliclazide reduce plasma NEFA concentrations [39] , indicating a suppression of lipolysis, yet others have reported no significant effect [40] . No studies have, to the authors' knowledge, compared the effects of sulfonylurea and metformin therapy on lipolysis. The current study is the first to examine the effect of metformin on adipose HSL phosphorylation in vivo. As the modest increase in HSL Ser554 phosphorylation in individuals treated with metformin did not reach significance, it is difficult to draw definite conclusions concerning the role of AMPK-mediated phosphorylation of HSL in any potential suppression of lipolysis. In contrast, incubation of 3T3-L1 adipocytes with metformin caused a robust stimulation of the equivalent phosphorylation site in mouse HSL (Ser565) and a recent study has demonstrated that ex vivo stimulation of isolated human adipocytes with metformin attenuated isoprenaline and atrial natriuretic peptide (ANP)-stimulated lipolysis without affecting basal lipolysis. Furthermore, metformin stimulated HSL Ser554 phosphorylation under ANPstimulated conditions, although the effect of metformin alone was not reported [35] . One explanation for the discrepancy between the effects observed in isolated or cultured cells and our in vivo study is likely to be the differing concentrations of metformin used in each case and the very different durations of exposure.
We have previously reasoned that activation of AMPK is associated with reduced insulin-stimulated glucose transport in adipocytes [14] , thereby attenuating fatty acid and triacylglycerol synthesis, conserving ATP for more immediate cellular demands. In agreement with our previous study, AICAR reduced insulin-stimulated glucose transport. In contrast, stimulation with metformin had little effect on quantitative insulin-stimulated glucose transport under conditions where there was concomitant activation of AMPK. Prolonged stimulation with metformin reduced the fold stimulation of glucose transport by insulin, yet this was likely to have occurred because of a non-significant increase in basal glucose transport rather than a decrease in insulin-stimulated glucose transport. A previous study also reported a modest tendency toward increased basal glucose transport in 3T3-L1 adipocytes stimulated with 0.3 mmol/l metformin for 24 h [41] . The data in the current study represent, to the authors' knowledge, the first report of the effect of metformin on insulin-stimulated glucose transport in 3T3-L1 adipocytes. Previous studies in human adipocytes differentiated from mesenchymal stem cells or pre-adipocytes indicate that metformin stimulation for 24 h increased basal and insulinstimulated glucose uptake [22, 42] , yet incubation of adipocytes isolated from individuals with type 2 diabetes with metformin for 1 h has been reported to have no effect on basal or insulin-stimulated glucose uptake [38] . Increased levels of GLUT4 protein have been associated with AMPK activation in cultured adipocytes [30] , and metformin has been reported to increase mRNA expression of GLUT4 (also known as SLC2A4) in adipose from women with polycystic ovary syndrome [43] , yet the amount of GLUT4 protein was unaltered in the current study in either human adipose tissue or 3T3-L1 adipocytes, indicating that changes in GLUT4 expression are unlikely to underlie the difference in the fold stimulation by insulin. Furthermore, as metformin did not significantly alter the levels of the insulin signalling pathway proteins IRS1, IRS2 or Akt in human adipose samples or the insulin-stimulated phosphorylation of Akt in 3T3-L1 adipocytes, modulation of insulin signalling is similarly unlikely to underlie the reduction in the fold change in insulinstimulated glucose transport.
Taken together, these data suggest that metformin stimulates adipose AMPK in a glycaemia-and adiponectin-independent fashion in vivo. Metformin stimulates AMPK in 3T3-L1 adipocytes and the metforminstimulated increase in AMPK activity is associated with downregulated ACC activity in both cases. Furthermore, there is a significant increase in HSL phosphorylation (at an AMPK-specific site) in 3T3-L1 adipocytes and a tendency towards phosphorylation at that site in human adipose, whereas metformin is without effect on the levels of FAS, PPARγ or GLUT4 protein in either adipose biopsies from individuals with type 2 diabetes or 3T3-L1 adipocytes. We cannot dismiss the possibility that the observed increase in AMPK activity in human adipose was occurring in the stromal/vascular fraction rather than in adipocytes themselves, as metformin has been reported to activate AMPK in human vascular endothelial cells [44] and a macrophage cell line [45] . As metformin also stimulated AMPK Fig. 5 Effect of metformin on glucose transport and insulin signalling in 3T3-L1 adipocytes. a, b 3T3-L1 adipocytes were incubated in the presence and absence of metformin (1 mmol/l) for the durations indicated or AICAR (2 mmol/l) for 30 min prior to incubation in the presence or absence of insulin (10 nmol/l) for a further 15 min and 2-deoxyglucose uptake assessed. Data shown represent the mean±SEM of (a) fold stimulation by insulin, or (b) basal (white bars) and insulinstimulated (black bars) glucose transport of three independent experiments performed in triplicate. *p<0.05 relative to the value in the absence of metformin/AICAR; † p<0.05 relative to insulin alone. c, d 3T3-L1 adipocyte lysates were prepared from cells incubated with metformin (2 mmol/l) for the durations indicated and in the presence (black bars) or absence (white bars) of insulin (10 nmol/l) for the final 15 min. Lysates were resolved by SDS-PAGE and subjected to immunoblotting with the antibodies indicated. c Representative immunoblots with the positions of markers of known molecular mass shown (kDa). d Basal (white bars) and insulin-stimulated (black bars) phosphorylation of Akt at Ser473 was quantified relative to total amount in each lysate (mean±SEM, n=3) phosphorylation whilst reducing total ACC protein in both human adipose in vivo and 3T3-L1 adipocytes in vitro, it appears likely that the observed AMPK activation in human adipose occurs, at least in part, in the adipocyte fraction.
As AMPK activation in adipocytes has been associated with attenuated lipolysis [6] [7] [8] 35] , attenuated differentiation of pre-adipocytes into mature adipocytes [13, 46] and reduced insulin-stimulated glucose transport in adipocytes [14] [15] [16] , such effects may act to divert energy away from storage as lipid and stimulate glucose use by skeletal muscle. Furthermore, as stimulation of AMPK in vascular cells and macrophages has been demonstrated to elicit antiinflammatory effects that would also be beneficial in type 2 diabetes [28, 45, 47, 48] , stimulation of adipose AMPK in both the adipocyte and stromal/vascular cell fractions of adipose may explain some of the beneficial metabolic effects of metformin in patients with type 2 diabetes.
